Development of single-mode polymer optical fibres, polymer materials and polymer fibre Bragg gratings has provided new opportunities for optical communication and other related applications. In this paper we report on recent progress and development of polymer optical fibres and devices that would have a significant impact on fibre sensing applications. We also present some of our preliminary experimental work on polymer optical fibre sensing.
Introduction
Optical fibre sensing is of great potential for many applications such as industrial process, civil structure monitoring, environmental surveillance, seismic and geophysical study, undersea oil exploration, medical and biological testing etc [ 1] . Many types of fibre sensors have been developed, including fibre gyroscopes, hydrophones, strain sensor, etc. However, so far the majority of research and development work has been concentrated on silica optical fibre based sensor systems.
Work on polymer optical fibre sensing has been active for many years. However, these polymer fibre sensors are all based on conventional multimode polymer fibres [2] . Therefore these polymer fibre sensors are overwhelmingly intensity types of fibre sensors for simple and low-cost applications. The intensity-type fibre sensor systems are usually compromised in performance and thus their applications are usually limited.
Here our attention is focussed on sensor applications single-mode polymer fibre. We discuss the recent development of single-mode polymer optical fibres, polymer materials and polymer fibre Bragg gratings, as well as related new opportunities for optical fibre sensor applications.
Polymer optical fibre could be significantly advantageous over its better-known counterpart -silica fibre for sensing applications . A main advantage is its low Young's modulus. The Young's modulus [12] in combination with a phase mask made from surface relief grating proposed by [13] , has produced good grating with high
It is believed that there are four mechanisms that can lead to the creation of gratings in polymer by means of light. They are: (1) Ablation ---this involves the melting and burning of the polymer surface, (2) Chain Scission ---this involves the breaking of polymer chains thus decreasing the chain density which in turns reduces the refractive index, (3) Cross-linking ---this involves inducing free radicals and then giving rise to the combination of polymer chains. This has the effect of increasing the density of the chains thus increasing the refractive index of the polymer, and finally (4) Photopolymerization ---The incident light generates free radicals thus causing the polymerization of unreacted monomer within the polymer. As a result, the polymer density increases and the refractive index increases accordingly. The first two mechanisms, ablation and chain scission, are responsible for the creation of surface gratings in the polymer. The last two mechanisms, cross-linking and photopolymerization, are considered to be essential to create polymer bulk gratings and polymer fibre gratings. Now both polymer optical fibres and polymer optical fibre Bragg grating have been developed to a stage useful for fibre sensor applications. The use of FBG as sensing elements is based on simple and well-known relations. The reflection wavelength of a fibre Bragg grating, AB, can be expressed in a simple general form from Equation
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Here the grating period A is determined by the period of the interference pattern (fringe) of writing light beam. From this expression, we can see that the Bragg wavelength of a grating can be changed, if a particular mechanism is used to introduce changes in the grating period, A, and br the effective index neff. Two well-known mechanisms can easily introduce a shift of Bragg wavelength. The first is the mechanical mechanism which involves applying a longitudinal stress to a fibre Bragg grating so that the grating period is stretched. The second is the thermal mechanism in which the grating is heated up to introduce a change in the grating period. In the first mechanism, the resulted wavelength shift is mainly due to two factors: a change in A due to stress-induced strain and a change in neff through the photo-elastic effect.
In the case of mechanical sensing, the strain is related the stress a
where E is the Young's modulus of the polymer. Hence the stress-induced Bragg wavelength shift, L 2B ' can be easily expressed as
where Pe is the effective photo-elastic coefficient and s longitudinal strain. Thus the Young's modulus E has a significant influence on the sensitivity of the Bragg wavelength. Large modulus materials such as silica have less stress sensitivity thus require larger stress to produce the same strain in comparison to low modulus materials such as PMMA. It is noted that the Young's modulus of PMMA is much less than that of silica glass. Hence, under a certain stress, polymer fibre with much lower Young's modulus could achieve much higher strain and thus much higher sensitivity. This is the reason that, as mentioned above, the low Young's modulus of polymer fibre could be a significant advantage for strain-related sensing applications.
Moreover, rigid materials such as silica glass usually have low breakdown strain. For silica glass fibre, the breakdown strain is about 1 %. This sets a limit to the maximum achievable range. For polymers such as PMMA because of its great flexibility in material synthesis, however, 10% or more breakdown strain could be readily achieved. The great elasticity and large breakdown strain are important for sensing applications with very large dynamic range. In fact, it is possible to tailor the Young's modulus and elasticity of a polymer fibre with readily available synthesis techniques.
Hence it is possible to select appropriate materials with desirable Young's modulus or elasticity from a wide range of optical polymer materials. This is an important feature that makes polymer optical fibres or polymer fibre Bragg gratings better candidates for sensing applications in various liquid and elastic material environment --duly covering a full range of strain-related sensor applications.
In the case of temperature sensing which is usually required together with stress or strain sensing, a change in the fibre temperature \T also leads to the shift of Bragg wavelength. The relation can be expressed by
where a is the thermal expansion coefficient and f3 is the relative thermo-optic coefficient of the fibre material. It is clear that polymer fibre will have both larger thermal expansion coefficient and larger thermo-optic coefficient than silica fibre.
We sunimarises the relevant characteristics of typical silica and polymer fibre parameters for sensing in Table 1 : 
Sensing experiment with POF Bragg grating
In our recent experiment, we used single-mode polymer FBGs in sensing related tests [ 14] . The reflection and transmission spectra of a polymer FBG used in the experiment are shown in Fig.2 . The POF grating has power reflection about 80% with the bandwidth less than 0.5 nm. The strain response of the polymer FBG is shown in Fig. 3 . it is tested in loading mode --when it is stretched and in unloading mode --when it is released, respectively. It is clearly shown that the linear relation of Bragg wavelength shift with the applied strain has been observed. Although the loading curve matches well with the unloading one, the long term reversibility of polymer FBG under strain is yet to be tested. In this experiment, the strain of the FBG reaches 3% and the strain response of polymer FBG is found to be 2.7 pm4ts. In general, polymer FBG should be able to achieve a large strain with good reversibility. In our experiment on another polymer POF, we tested strain close to 5%
(as shown in Fig.5 in the following). One important topic in fibre sensing applications is the simultaneous measurement of strain and temperature. The popular scheme is to use two silica FBGs (say FBG1 and FBG2) with different Bragg wavelengths (e.g. A and 22 ) to form a sensing head. The shifts of Bragg wavelengths (e.g. L\21 and L\A2 ) of combined strain and temperature factors is given by silica FBGs have shown that that a good linearity and a large dynamic range can be achieved in this system. We will use this system as a test-bed for our experiments of fibre sensing using polymer FBG.
Conclusion
For interferometric or Bragg grating-based fibre sensors such as acoustic sensors, hydrophones and strain sensors, their performance is closely related to the mechanical, thermal and elasto-optical properties of fibre materials. In pressure or stress-related applications, the system sensitivity is mainly determined by its It is believed that POF such as health monitoring of civil engineering structure, could be a significant advantage for sensor applications.
We have started and done preliminary sensing experiments on polymer fibre Bragg gratings. The experimental results have demonstrated the fundamental aspects and properties of POF and polymer FBG for strain sensing applications, especially where strain and temperature are to be measured simultaneously. 
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